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We study the exchange between electron and magnon spins at the interface of an antiferromagnet
and a heavy metal at finite temperatures. The underlying physical mechanism is based on spin
torque associated with the creation/annihilation of thermal magnons with right-hand and left-hand
polarization. The creation/annihilation process depends strongly on the relative orientation between
the polarization of the electron and the magnon spins. For a sufficiently strong spin transfer torque
(STT), the conversion process becomes nonlinear, generating a nonzero net spin pumping current
in the AFM that can detected in the neighboring metal layer. Applying an external magnetic field
renders possible the manipulation of the STT driving thermal spin pumping. Our theoretical results
are experimentally feasible and are of a direct relevance to antiferromagnet-based spintronic devices.
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2I. INTRODUCTION
Electronic and magnonic spin currents are central to spintronics1–6. Electronic spin current is generated for instance
due to the spin Hall effect (SHE) in a non-magnetic metal layer5,7–9, or through the oscillation of magnetization in
a ferromagnetic layer (spin pumping)10–13. The magnonic spin current, meaning a flux of non-equilibrium magnons
results from an applied temperature gradient, microwave field, or due to electronic spin-transfer torque2,14–19. Spin
currents in antiferromagnets (AFMs) are also highly interesting for AFM spintronics20–24. Several spin transport
phenomena, including SHE, spin Seebeck effect, Ne´el spin-orbit torque were reported and their potential for applica-
tions were discussed in AFMs20–30. Of a particular interest is the behavior of a magnonic spin current flowing from a
ferromagnet (FM) across an insulating AMF layer27,31–37, which offers a way for integration of magnonic spintronic
and AFM devices, and allowing to act on the AFM by exciting the FM layer27.
The present work proves that, due to finite temperature magnonic excitations in AFM, the electronic spin-current
in heavy metal (HM) can traverse through the insulating AFM layer. In our model, not FM, but the AFM layer plays
the role of the spin-current tunnel junction. We sandwich the AFM layer between two HM layers, meaning we consider
HM / insulating AFM / HM heterostructure. At finite temperatures, the electronic spin current creates (annihilates)
thermal magnons with spin polarization opposite (parallel) to the polarization of the electron spin. Thus, spins of
the electrons from the HM layer are efficiently converted to AFM magnons. The induced magnon spins are further
delivered to the second HM layer, and eventually are converted back to the electron spin current via the spin pumping
effect. The effectiveness of the spin transport via magnons depends on the electronic spin current and on the external
magnetic field.
The paper is organized as follows: In section II we specify the model, in section III we analyze the polarization
of magnons and derive the magnon eigenmodes, in section IV we explore the effect of STT. The thermal and spin
pumping effects we discuss in section V. In sections VI and VII we discuss the effect of external magnetic fields and
conclude with section VIII.
II. THEORETICAL MODEL
The structure considered in this study is shown in Fig. 1(a). The AFM layer is sandwiched between two HMs.
A charge current with density JPt passes through one metal and induces a transversal spin current due to the spin
Hall effect. The electronic spin current is converted into a magnonic spin current at the AFM/HM interface via the
SHE-based spin-transfer torque (STT)30,38. The magnonic spin current is detected in the second metal via the spin
pumping effect34,35,39,40.
To describe the magnetization dynamics in the AFM, we introduce the average magnetization vector m = (m1 +
m2)/2 and the Ne´el vector n = (m1 −m2)/2. Here, m1 and m2 represent sublattice magnetizations of the AFM
under the constraints |m|2 + |n|2 = 1 and m · n = 0. The dynamics of m and n are governed by the stochastic
Landau-Lifshitz-Gilbert (LLG) equations with STTs39
∂tm =
1
2
(ωm ×m+ ωn × n) + τTm + τGDm + τ STTm ,
∂tn =
1
2
(ωm × n+ ωn ×m) + τTn + τGDn + τ STTn .
(1)
The frequencies ωm and ωn represent the effective fields and are defined through ωm = − γMs δEAFMδm and the ωn =
− γMs δEAFMδn . The free energy density41 EAFM has the form:
EAFM =
Ms
γ
{ωE(m2 − n2)− a2ωE
4
[(∇m)2 − (∇n)2]
− 2ωH ·m− ωA(m2x + n2x)},
(2)
where ωE is the exchange frequency, ωA is the easy-axis (along x) anisotropy frequency, ωH is the frequency describing
the external magnetic field, and a is the length of the antiferromagnetic unit cell. In the stochastic LLG equations
(1), the temperature is introduced by the thermal random magnetic field torque
τTm = hm ×m+ hn × n,
τTn = hm × n+ hn ×m.
(3)
The Gilbert damping torques are given through
τGDm = α(m× ∂tm+ n× ∂tn),
τGDn = α(m× ∂tn+ n× ∂tm),
(4)
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FIG. 1. (a) Schematics of the studied heterostructure. The insulating antiferromagnet is sandwiched between two HMs (here,
Pt). An charge current with density JPt flows in one of the metal layer. The pure electron spin current generated through
the spin Hall effect is denoted by its spin polarization direction µNs = −z × jPt. (b) Dispersion relations (i.e. real parts) and
(c) imaginary parts of eigenfrequencies ω+ (squares) and ω− (circles), with (cJ = 0.0001 THz, open dots) and without STT
(cJ = 0, solid dots). Bottom right panel shows the magnon precession trajectories in the y-z plane for ky = 0. Magnons are
excited by a microwave field ωH = (0, hy, hz)e
(ikyy−iωt) with hy = 3 × 10−4 THz, hz = 3 × 10−4i THz, and ω = Re[ω±]. Red
and blue arrows represent the sublattice magnetizations m1 and m2, respectively.
and the STTs read:
τ STTm = cJ(m× µNs ×m+ n× µNs × n),
τ STTn = cJ(n× µNs ×m+m× µNs × n).
(5)
Here α is the Gilbert damping constant, the strength of STT is quantified through cJ =
2γ~θSHλGr tanh(dPt/2λ)JPt
eµ0dAFMs[σ+2λGr coth(dPt/λ)]
42,43,
thermal fields hm and hn satisfy the time correlation
44 〈hm,p(r, t)hm,q(r′, t′)〉 = 〈hn,p(r, t)hn,q(r′, t′)〉 = δpqδ(t−t′)δ(r−
r′) αγkBTµ0MsV . µ
N
s = (1, 0, 0) represents the electron spin polarization, JPt is the electric current density, θSH is the spin
Hall angle, σ is the electric conductivity, λ is the spin diffusion length, Gr is the spin mixing interface conductance per
unit area, dPt and dAF are the thicknesses of Pt and AFM, kB is the Boltzmann constant, T is the temperature, V is
the volume of AFM, γ is the gyromagnetic ratio, Ms is the saturation magnetization of sublattice, and p, q = x, y, z.
III. MAGNON POLARIZATION
To construct an analytic model for describing the propagation of magnons in the AFM we consider slight derivations
from the stable state (m0 = (0, 0, 0) and n0 = (1, 0, 0)), m = m0+(0, δmy, δmz), and n = n0+(0, δny, δnz). The eigen
solutions of the linearized equation (1) have the form: δmp = Xpe
i(kyy−ωt) and δnp = Ypei(kyy−ωt), where p = y, z.
We insert m and n into equation (1) and obtain the equation i∂tψ = Hˆψ for the vector ψ = (Xy, Xz, Yy, Yz). With
the definitions of the frequencies ωk = 2ωE + ωA − a
2ωEk
2
y
4 and ωak = ωA +
a2ωEk
2
y
4 , the Hamiltonian Hˆ (without
external excitation) reads
Hˆ =

−iαωk iαcJ −icJ −iωak
−iαcJ −iαωk iωak −icJ
−icJ −iωk −iαωak iαcJ
iωk −icJ −iαcJ −iαωak
 . (6)
From this Hamiltonian two eigen frequencies ω± follows
ω± =±
√
(ωak − icJ)(ωk − icJ)− α2
(
ωE − a
2ωEk2y
4
)2
− αcJ − iα(ωak + ωk)/2.
(7)
4The spin-wave modes ω± correspond to the opposite circular polarizations. Without STT (cJ = 0), the two magnon
modes are degenerate, and the magnon dispersion relations Re[ω±] = ±
√
ωakωk − α2(ωE − a
2ωEk2y
4 )
2 of the two
modes are symmetric with respect to ω = 0. Using MnF2 as a material with the parameters ωE = 9.3 × 1012s−1,
ωA = 1.5 × 1011s−1, Ms = 48000 A/m, α = 0.0002, and a = 4.1A˚, we calculated numerically the degenerate modes
ω± for cJ = 0. The results are shown in Fig. 1(b-c).
To explore the polarization of the two magnon modes, we apply the microwave filed ωH = (0, hy, hz)e
(ikyy−iωt).
The excited magnon amplitudes are extracted analytically from the linearized equation (1) as
Xy =
(hy + ihz)(−icJ − ωak + iαω)
lω+
− (hy − ihz)(−icJ + ωak − iαω)
lω−
,
Xz =
(−ihy + hz)(−icJ − ωak + iαω)
lω+
− (ihy + hz)(−icJ + ωak − iαω)
lω−
,
Yy =
(hy + ihz)ω
lω+
− (hy − ihz)ω
lω−
,
Yz =
(−ihy + hz)ω
lω+
− (ihy + hz)ω
lω−
,
(8)
with lω± := 2ω
2 + 2[−cJ ± i(ωak − iαω)][−cJ ± i(ωk − iαω)]. Excited by the microwave field, the local magnetization
precesses around the equilibrium state. The precessions of the two sublattices are demonstrated in the bottom right
panel in Fig. 1 for the case ky = 0. The magnons of the two modes ω± have opposite chirality. For the mode ω+, the
magnons of both m1 and m2 sublattices, precess around +x direction counterclockwise, meaning that the right-hand
polarized magnon (identified with m1) is coupled to left-hand magnon (identified with m2), and the amplitude of
magnons for m1 is larger. For the ω− mode, the circular polarizations of both magnons are reversed (clockwise
precession around +x), and the amplitude of the right-hand magnons for m2 is larger.
IV. EFFECT OF STT
The influence of the SHE-induced STT on the eigenfrequencies ω± is shown in Figs. 1(b-c). The changes due to
STT in the real parts of ω± are negligible. STT with cJ > 0 (i.e. electron polarization points along the +x direction),
increases Im[ω+], meaning that the attenuation of this mode is enhanced. On the other hand Im[ω−] decreases,
and the attenuation is weakened. The change in Im[ω] depends linearly on cJ (Fig. 2(a)), and Im[ω+] (Im[ω−]), is
decreased (increased) by reversing the STT (cJ < 0).
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FIG. 2. (a) cJ dependence of the imaginary parts of eigen frequencies ω± at ky = 0. (b-c) Excited by ωH = (0, hy, hz)e(ikyy−iωt)
with hy = 3 × 10−4 THz, hz = 3i × 10−4 THz and ky = 0, cJ dependence of excited oscillation amplitude for (b) ω = Re[ω+]
and (c) ω = Re[ω−]. Solid squares and open circles are respectively the amplitudes of the sublattice magnetization m1 and m2.
The STT also affects the magnon excitation efficiency. Using polarized microwave field ωH = (0, hy, hz)e
(ikyy−iωt)
(hy = 3×10−4 THz, hz = 3i×10−4 THz, ky = 0, and ω = Re[ω±]) and Eq. (8), we calculate amplitudes of the excited
5magnetization oscillations, see Fig. 2. Apparently the positive (negative) cJ decreases (increases) the efficiency of
exciting magnons of ω+ mode. The effect is reversed for ω− mode. In view of the changes in the imaginary parts of
eigenfrequencies (Fig. 2(a)), we conclude that the effectiveness of exciting magnon increases if the imaginary parts of
ω± is decreased, i.e., the effective magnon damping αeff is lowered.
Enhancement and annihilation of magnons due to the STT are asymmetric and nonlinear, and the increase of the
magnon amplitude is much stronger. This finding is in line with the STT induced magnon enhancement/annihilation
in FM, where the enhancement (annihilation) occurs when electron polarization is opposite (parallel) to the magnon
polarization and decreases (increases) the magnon effective damping17,43.
V. THERMAL EFFECT AND SPIN PUMPING
From the Eq. (1) we infer that the thermal magnons are excited by the thermal random fields hm and hn. By
solving the dynamic equations, we obtain the dynamic magnetic susceptibility matrix χˆ(ω) , and lp(ω) =
∑
q χpqhq(ω)
with l1 = my, l2 = mz, l3 = ny, l4 = nz, h1 = hm,y, h2 = hm,z, h3 = hn,y and h4 = hn,z):
χˆ =

c−
l+
− c+
l−
ic−
l+
+
ic+
l−
ω
l+
− ω
l−
iω
l+
+ iω
l−
− ic−
l+
− ic+
l−
c−
l+
− c+
l− −
iω
l+
− iω
l−
ω
l+
− ω
l−
ω
l+
− ω
l−
iω
l+
+ iω
l−
d−
l+
− d+
l−
id−
l+
+
id+
l−
− iω
l+
− iω
l−
ω
l+
− ω
l− −
id−
l+
− id+
l−
d−
l+
− d+
l−
 , (9)
where c± := −icJ ± (ωak − iαω), and d± := −icJ ± (ωk − iαω).
By virtue of spin pumping, the magnetization dynamics in the AFM can pump into the neighboring metal layer
the spin current39
Isp =
~gr
2pi
(m× ∂tm+ n× ∂tn). (10)
Here, gr = Grh/e
2 is the rescaled interface mixing conductance. In contrast to spin pumping current, the fluctuation
spin current Ifl = − 2Msγ (m × h′m + n × h′n) flows back to the AFM44. h′m and h′n satisfy the time correlation
〈h′m,p(r, t)h′m,q(r′, t′)〉 = 〈h′n,p(r, t)h′n,q(r′, t′)〉 = δpqδ(t − t′)δ(r − r′)α
′γkBT
µ0MsV
, and α′ = γ~gr/(4piMsV ). The net spin
current injected into the neighboring metal is Is = Isp + Ifl . Then, with the magnon dynamics described by Eq. (9),
the time derivative of the correlation function for Isp within the macrospin model (ky = 0) is
〈l˙plq〉 = σ2T
∫
iω
∑
n
χpn(ω)χqn(−ω)dω
2pi
. (11)
p, q, n = 1, 2, 3, 4. Using the contour integration method, we derive the finite x component of the spin current Isp,x as
〈Isp,x〉 = ~grσ
2
TcJ(ωak + ωk)
2pi(c2J − α2ωakωk)
. (12)
The two other components of the spin current vanish 〈Isp,y〉 = 〈Isp,z〉 = 0. The above equation indicates that the
spin pumping current’s polarization is parallel to the electron polarization and the equilibrium Ne´el order vector.
Without STT, two degenerate magnon modes are equally excited by thermal fluctuation, and the pumping current
〈Isp,x〉 = 0. Below the critical value cJ < α√ωAωk (above which the STT changes the stable state), positive cJ creates
the negative 〈Isp,x〉. The reason is that positive cJ enhances the ω− mode polarized towards −x (generating negative
pumping current) but weakens the ω+ mode polarized towards +x (generating positive pumping current). The sign of
〈Isp,x〉 changes with reversing the direction of the electric current (the sign of cJ). The change of the magnon density
induced by STT is nonlinear (see Fig. 2), and therefore the amplitude of 〈Isp,x〉 also changes nonlinearly with cJ. The
fluctuating spin current vanishes Ifl = 0. Thus, the net current is equal to the spin pumping current 〈Is,x〉 = 〈Isp,x〉.
Numerical results calculated from Eq. (12) are shown in Fig. 3(a) and support the analytical findings.
We extended the results obtained for the single macrospin model to the spatially inhomogeneous dynamical modes
(i.e., excited finite wavevector k), and obtain the time derivative of the correlation function Isp
〈l˙plq〉 = σ2TSζ
∫
dζk
(2pi)ζ
∫
iω
∑
n
χpn(ω,k)χqn(−ω,−k)dω
2pi
. (13)
Here, ζ = 1 is for the one-dimensional (1D) model (k = kyey and S1 is the sample length along y). For the
two-dimensional (2D) model ζ = 2, (k = kxex + kyey and S2 = Sxy is the area of the sample plane).
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FIG. 3. cJ dependence of net current 〈Is,x〉 at T = 30 K for (a) macrospin and (b) 1D models. Analytical (solid lines) and
numerically simulated (open dots) results are shown.
Due to the limited size of discrete unit cell, the value of magnon wavevector can not be too large. We integrate Eq.
(13) in the finite range of −kc < kx,y < kc with kc = pi/ly, where ly is the unit cell size. For a 1D model, we infer
〈Isp,x〉 = ~grσ2TlycJ(ωA + ωE)×
(ωj+atan(
αakc
√
ωE
2ωj−
)− ωj−atan(αakc
√
ωE
2ωj+
)))
2pi2ωj+ωj−
√
α2(ωA + ωE)2 − c2J
,
(14)
with
ωj± =
√
α(±
√
α2(ωA + ωE)2 − c2J − αωE). (15)
If STT is applied cJ 6= 0, the variation of 〈Isp,x〉 for 1D model is similar to that for macrospin, including the aspects
of sign and nonlinearity, as confirmed by numerical calculations in Fig. 3(b).
To quantify the effectiveness of the above conversion process, we compare the difference between the injected
electronic spin current and output magnonic pumping current. Here, via Jxs = − 2cJµ0dAFMs , the x component of
electronic spin current density Jxs is directly determined from the amplitude cJ of STT
42. With the above parameters,
we find Jxs = −5.5 × 10−7 J/m2 under cJ = 2 × 10−4 THz; and in this case around 27 % electronic spin current is
converted into the magnonic pumping current in Fig. 3.
To support the analytical results, we numerically solved for the LLG Eqs. (1). In the numerical simulation the
spin pumping current’s value is determined from the expression Eq. (10). Under the same parameters adopted above,
we compare the simulation results with the analytical calculations in Fig. 3, confirming the value of the analytical
expressions. In addition, we consider the case with the electron spin polarization µNs = (0, 1, 0) being perpendicular
to the equilibrium Ne´el order vector n0. Our calculations show that the STT does not affect the magnons in the AFM
in this case, and therefore 〈Isp,x〉 = 0. This conclusion is confirmed also by the numerical simulation.
VI. APPLYING MAGNETIC FIELD ALONG X
An applied magnetic field impacts the magnon polarization and leads to the nontrivial phenomena of electron-
magnon spin conversion in the AFM /heavy heterostructure. Here, we mainly consider the case with the external
magnetic field ωHx applied along the easy-axis (x axis), for ωHx <
√
2ωEωA = 1.7 THz. In this range, the linear
antiparallel structure (m0 = (0, 0, 0) and n0 = (1, 0, 0)) is stable. In the same manner we obtain the eigenfrequencies
ω±:
ω± = ±
√
F± + ωch − iα
2
ω+ck, (16)
7where
F± =
1
2ωch
(−4c2JωHx + α3cJ[4ω2Hx + (ω−ck)2]
+ α2ωHx[8c
2
J − 4ω2 − (ω−ck)2] + 4ωHxωkωA
− 4icjωchω+ck + 4α[c3J − iωHxωchω+ck
− cJ(2ω2Hx + ωkωak)]),
(17)
where ωch = ωHx − αcJ, and ω±ck = ωk ± ωak. For the parameters considered above, we calculate the magnon
dispersion relations (Fig. 4(a-b)). The real parts of both modes ω+ and ω− are shifted upward and the values of the
corresponding imaginary parts are changed, steering the separation between Im[ω±]. These changes increase linearly
with ωHx, as demonstrated in Fig. 4(c-d). STT affects mainly the imaginary parts, and Im[ω+] (Im[ω−]) is increased
(decreased) by a positive cJ (cf. the calculated results in Fig. 4).
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At ωHx = 0.7 THz, cJ dependence of net current 〈Is,x〉.
The magnetic field induces a separation between the two degenerate modes ω±, and at a finite temperature leads
to a nonzero pumping current Isp,x along the external magnetic field. The fluctuation spin current 〈Ifl,x〉 is opposite
to the pumping current 〈Isp,x〉, and the net current Is is 0 if STT is not applied (cJ = 0). STT can further enhance
one of two thermal magnon modes and weaken the other one, generating a nonzero Is, see Fig. 5(b). Surprisingly,
the negative current 〈Is,x〉 induced by the positive cJ also increases with ωHx. When calculating the dependence of
the net current 〈Is,x〉 on the cJ at finite ωHx = 0.7 THz, we find that the positive ωHx enhances the negative 〈Is,x〉,
while it weakens the positive 〈Is,x〉, as compared to the case ωHx = 0 (Fig. 3(b)). This effect leads to an asymmetric
spin pumping in AFM induced by STT, and acts in favor of converting the electronic current into a magnonic spin
current and vice versa.
8VII. EXTERNAL MAGNETIC FIELD ALONG Y
Under the influence of a strong magnetic field ωHx applied along the x axis or ωHy applied along y axis, the linear
antiparallel orientation of AFM magnetization loses its stability and a spin-flop transition occurs. In this case, a
nonzero net magnetization builds up along the magnetic field and increases with the amplitude of the magnetic field.
The equilibrium Ne´el order vector is perpendicular to the magnetic field. To explore the influences of the spin-flop on
the net magnetization, we mainly study the case when ωHy is applied along the y axis.
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FIG. 6. For 1D model at T = 30 K, the x component 〈Isp,x〉 (squares line) and the y component 〈Isp,y〉 (circles line) of the
spin pumping currents are shown as functions of the magnetic field ωHy, under cJ = 0 (solid dots) or cJ = 1× 10−4 THz (open
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N
s = y. With cJ = 1× 10−4 THz and (b) µNs = x and (d) µNs = y, the net spin currents 〈Is,x〉
(squares line) and 〈Is,y〉 (circles line) as functions of the magnetic field ωHy. (e) When ωHy = 5.2 THz, cJ dependence of the
net spin currents 〈Is,x〉 (squares line) and 〈Is,y〉 (circles line).
Applying positive ωHy generates a net magnetization m0 = (0,m0,y, 0) with m0,y > 0. The thermal fluctuation of
this net magnetization exerts a positive pumping current 〈Isp,y〉 along y, as shown by Fig. 6. This behavior is similar to
the features of a thermal pumping current in FM44. Along x axis, the dynamics of opposite sublattice magnetizations
are symmetric, and the pumping current in this case is zero 〈Isp,x〉 = 0 . Applying STT with µNs = (1, 0, 0) only
affects 〈Isp,x〉, and a positive cJ drives a negative 〈Isp,x〉 and hence a negative net current 〈Is,x〉 (see Fig. 6(a-b)). This
effect is similar to the effect described above (Fig. 3). However, the increase in ωHy strongly weakens this effect, and
〈Isp,x〉 and 〈Is,x〉 approaches 0 for larger ωHy. To understand this phenomenon, we also analyze the change in Im[ω±]
induced by STT. However, this effect is negligible for lager ωHy (not shown).
Applying STT with polarization µNs = (0, 1, 0) impacts the dynamics of the net magnetization along y. It en-
hances/weakens the thermal fluctuation of the net magnetization and hence 〈Isp,y〉. As demonstrated in Fig. 6(c-d),
the positive cJ decreases the 〈Isp,y〉, generating a negative 〈Is,y〉. The induced 〈Is,y〉 increases with the net magneti-
zation m0,y and thus magnetic field ωHy.
After reversing the sign of cJ, the current 〈Is,y〉 becomes positive (Fig. 6(e)). With further increasing of the
amplitude of cJ (not shown), we observe a nonlinear variation in 〈Is,y〉, where the negative 〈Is,y〉 can be larger than
the positive 〈Is,y〉 under the same |cJ|. This nonlinear and asymmetric variation in the net magnetization fluctuation
resembles the effect in FM17. Noteworthy, as compared with the case in absence of the magnetic field and µNs ‖ n0,
the current 〈Is,y〉 is much smaller (cf. Fig. 3), even when the magnetic field is sufficiently strong (ωHy = 5.2 THz).
Based on this observation we conclude, that when a finite net magnetization builds up along the external magnetic
field, the induced spin pumping current is smaller than in the case of Ne´el order vector.
VIII. CONCLUSION
We studied the electron-magnon spin conversion process in a HM/AFM/HM heterostructure. A charge current in
the metallic layer drives a spin dynamics in the AFM via spin transfer torques (STT) effects. Two degenerate AFM
9magnon modes with opposite polarization are involved. Depending on the electron polarization, STT enhances one
of two modes and suppresses the other. At finite temperatures, the creation/annihilation of the two magnon modes
in AFM by the STT leads to a net spin pumping current. This current increases nonlinearly with the electric current
density in the HM layer. An external magnetic field can control the conversion process, which is shown to be quite
efficient and potentially useful for designing antiferromagnetic-based spintronic devices.
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